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Quasi-static tension tests were conducted on AS4/3501-6 graphite epoxy 
laminates. Dye penetrant enhanced x-radiography was used to document the 
onset of matrix cracking and the onset of local delaminations at the 
intersection of the matrix cracks and the free edge. Edge micrographs 
taken after the onset of damage were used to verify the location of the 
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SUMMARY 


Quasi-static tension tests were conducted on AS4/3501-6 
graphite epoxy (O2/02/-02)s laminates, where 0 was 15, 20, 25, or 
30 degrees. Dye penetrant enhanced X-radiography was used to 
document the onset of matrix cracking in the central -0 degree plies 
and the onset of local delaminations in the 0/-0 interface at the 
intersection of the matrix cracks and the free edge. Edge 
micrographs taken after the onset of damage were used to verify the 
location of the matrix cracks and local delaminations through the 
laminate thickness. 

A quasi-3D finite element analysis was conducted to calculate 
the stresses responsible for matrix cracking in the off-axis plies. 
Laminated plate theory indicated that the transverse normal 
stresses were compressive. However, the finite element analysis 
yielded tensile transverse normal stresses near the free edge. 
Matrix cracks formed in the off-axis plies near the free edge where 
in-plane transverse stresses were tensile and had their greatest 
magnitude. The influence of the matrix crack on interlaminar 
stresses is also discussed. 
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INTRODUCTION 


Local delaminations that form at the intersection of matrix 
cracks in off-axis angle plies and the free edges of a composite 
laminate have been observed in unnotched, notched, and tapered 
laminates [1,2,3]. The accumulation of local delaminations through 
the laminate thickness redistributes the strain in the zero degree 
plies resulting in fatigue failures [4]. Previously, local delamination 
onset in fatigue from 45 degree matrix ply cracks was predicted 
using a simple closed form solution for the strain energy release 
rate associated with this mechanism [3,4]. However, in order to 
demonstrate the general applicability of this technique, local 
delaminations from matrix cracks of arbitrary orientation must be 
studied. Such solutions could then be applied to arbitrary layups, 
such as the ones resulting from a rotated straight edge analysis for 
delamination around an open hole [5], to predict fatigue life. 

In this study, tension tests were conducted on (O2/02/-02)s 
AS4/3501-6 graphite/epoxy laminates, where 6 was 15, 20, 25, and 
30 degrees. Dye penetrant enhanced X-ray radiography was used to 
document the onset of matrix cracking, and the onset of local 
delaminations at the intersection of the matrix cracks and the free 
edge. A quasi-3D finite element analysis was conducted to calculate 
the stresses responsible for matrix cracking in the off-axis plies. 
These stresses were compared to stresses calculated from 
laminated plate theory. The influence of the matrix crack on 
interlaminar stresses was also discussed. 

EXPERIMENTS 


Materials 

Panels were manufactured in an autoclave at NASA Langley 
Research Center from Hercules AS4/3501-6 graphite epoxy prepreg 
using the standard manufacturer's procedure with a maximum 
temperature of 177°C (350°F) in the cure cycle. One panel was 
produced for each of the (O2/02/-02)s layups, where 0 was 15, 20, 
25, or 30 degrees. Panels 305 mm (12 in.) square were manufactured 
and then cut into 20 individual coupons, 127 mm (5 in.) long by 25 
mm (1.0 in.) wide. Each specimen had a nominal ply thickness of 
0.124 mm (0.0049 in.) and a fiber volume fraction of 66.5%. 
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Experimental Procedure 

Coupons were coated with a thin film of water-based 
typewriter correction fluid on either edge to act as a brittle coating 
for detecting the onset of matrix cracking and delamination. Then, 
specimens were placed in the hydraulic grips of an MTS hydraulic 
load frame such that each specimen had a gage length between the 
grips of approximately 76 mm (3.0 inches). A 25 mm (one inch) gage 
length extensometer was mounted on the specimen midway between 
the grips to measure nominal strain. Specimens were loaded in 
tension at a rate of 13 mm/min. (0.5 in./min). During the loading, a 
plot of load versus nominal strain was generated using an X-Y 
recorder. Specimens were loaded until the first audible indication of 
cracking was heard. All tests had linear load vs. nominal strain plots 
up to this point when the loading was stopped. The load was 
maintained on the specimen to enhance the ability to detect damage, 
but was reduced by approximately 5-10% to prevent the possibility 
of the formation of further damage, or damage growth due to creep. 
The edge was examined visually with a magnifying glass while the 
specimen was under load to determine if a matrix crack or 
delamination had formed. In addition, a zinc iodide solution that was 
opaque to X-rays was placed on the edge using a hypodermic needle 
and an X-ray photograph was taken of the specimen width. After the 
onset of cracking was detected, specimens were removed from the 
load frame and the specimen edges were polished. Photographs of the 
polished edges were taken through an optical microscope to examine 
the damage on the edge. 

Experimental Results 

In all cases, the radiograph taken at the first audible 
indication of the onset of damage showed at least one, and in some 
cases up to ten, matrix cracks in the central -9 degree plies (fig.1). 
The 0 = 15 and 20 degree laminates (fig.1 a&b) typically had only one 
or two matrix cracks, whereas the 0 = 25 and 30 degree laminates 
(fig.1 c&d) typically had two or more matrix cracks. The dark squares 
in the center of the laminate are thin aluminum blocks that were 
bonded to the specimen surface to hold the knife edges of the 
extensometer. The radiographs also showed a triangular-shaped 
shaded region bounded by the free edge and the matrix crack, 
indicating that a local delamination was present (fig.1). Figure 2 
shows photographs of the edge of laminates that were tested under a 
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monotonically increasing tension load until the onset of damage. As 
shown in figure 2, local delaminations were present in both 0/-e 
interfaces, extending in the same direction from curved matrix 
cracks in the central -0 degree plies. For all the specimens tested, 
the radiographs and edge micrographs indicated that both the -0 
degree ply matrix crack and the 0/-0 interface delaminations were 
present. There was no evidence of the presence of matrix cracking 
without the delamination, nor was there any evidence of the 
presence of delamination without a matrix crack. 

STRESS ANALYSIS 


Laminated Plate Theory 

Laminated plate theory [6] was used to calculate the in-plane 
stresses in the central -0 degree plies for (O/0/-0) s graphite epoxy 
laminates, using lamina properties listed in Table 1. The in-plane 
stresses were transformed into the lamina coordinate system, and 
the stresses normal to the fiber direction, 022 . and the shear 
stresses along the fiber direction, T 12 , were determined. These 
stress components contribute directly to the formation of matrix 
ply cracks. 

Figure 3 shows calculated values of 022 and 1 12 as a function 
of 0 for (O/0/-0) s graphite laminates subjected to a total 
(mechanical + thermal) axial strain of 0.01, assuming a AT of -156°C 
(-280°F). This AT corresponds to the difference in the cure 
temperature of 177°C (350°F) and a room temperature of 21 °C (70°F) 
at which the laminates were tested. These laminated plate theory 
results indicate that for (O/0/-0) s graphite laminates, where 0 is 
between 15 and 30 degrees, relatively high shear stresses are 
present along the fiber direction but the transverse normal stresses 
are compressive. For 0 > 30 degrees, the shear stresses are also 
high, but the transverse normal stresses are tensile. 

The stresses plotted in figure 3, that were calculated 
assuming a AT of -156°C (-280°F), correspond to laminates that are 
completely dry. However, the epoxy matrix will absorb moisture 
from the air. This absorbed moisture in the matrix creates swelling 
stresses in the laminate. These swelling stresses tend to relax the 
residual thermal stresses that result from cooling the laminate 
after it is cured. If enough moisture is absorbed such that the 
residual thermal stresses are completely relaxed, the stresses in 
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the laminate would be the same as if there were no thermal 
contribution (AT = 0). Figures 4 and 5 shows how the 022 and T 12 
stresses vary between a AT = -156°C (-2 j 80°F) and a AT = 0. The AT = 
0 case also indicates that when 0 is between 15 and 30 degrees, 
relatively high shear stresses are present along the fiber but the 
transverse normal stresses are compressive. 

Finite Element Analysis 

A quasi-3D finite element code [7] was used to calculate the 
in-plane and interlaminar stresses near the free edges of (O/0/-0) s 
laminates subjected to the same loading specified above. The model 
was constructed assuming a unit ply thickness, h, in a laminate 
whose total width was 40h. Figure 6 shows the region of the mesh, 
near the free edge, used to model a representative cross section of 
the laminate normal to the direction of the applied tensile load. 
Because of symmetry, only one quarter of the cross section was 
modeled. The model consisted of 108 eight-noded quadrilateral 
isoparametric elements having a total of 367 nodes, each with 3 
degrees of freedom. The smallest element at the free edge was equal 
to one eighth of a ply thickness, corresponding to a distance of one 
sixteenth of a ply thickness between the node on the free edge and 
the nearest mid-side node. Because the graphite epoxy material 
being model has approximately 20 fibers through the thickness of a 
single ply, no attempt was made to refine the mesh further because 
the size of the element used was on the same order as the fiber 
diameter. If the mesh were to be further refined, the assumption 
that the material was a homogeneous anisotropic continuum would 
no longer be valid. 

The in-plane stresses in the central -0 degree plies were 
calculated at nodes along the midplane of the laminate thickness. 
These in-plane stresses were transformed into the lamina 
coordinate system, and the stresses normal to the fiber direction, 
022 . and the shear stresses along the fiber direction, x\ 2 , were 
plotted in the vicinity of the straight free edge. These stress 
distributions were used to obtain a qualitative assessment of the 
stresses responsible for matrix cracking in the off-axis plies. 

/n-p/ane Normal Stresses 

Figure 7 shows the distribution across the laminate width of 
the in-plane normal stress, 022 , for (O/0/-0) s graphite laminates 
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subjected to a total (mechanical + thermal) axial strain of 0.01, 
assuming a AT of -156°C (-280°F), where 0 = 15, 30, and 45 degrees. 
The values in the interior, corresponding to (b-y)/h = 5, agree with 
the values calculated from laminated plate theory (fig. 3), where the 
normal stresses in the 45 degree case are in tension and the normal 
stresses in the 15 and 30 degree cases are in compression. However, 
near the free edge, (b-y)/h = 0, the magnitude of the tensile stresses 
increases for the 45 degree case and the sign of the normal stresses 
change from compression to tension for the 15 and 30 degree cases. 
The results for the 15 and 30 degree cases were expected to bound 
the results for the 20 and 25 degree cases, and hence, these layups 
were not analyzed. 

The reversal in sign of the transverse normal stresses for the 
15 and 30 degree cases is not limited to the particular applied 
loading shown in figure 7. For example, figure 8 shows the 
distribution across the laminate width of the in-plane normal 
stress, 022 , for a (0/1 5/-1 5) s laminate subjected to total axial 
strains of 0.005 and 0.01 and a AT of -156°C (-280°F). Figure 9 
shows the distribution across the laminate width of the in-plane 
normal stress, 022 , for a (0/1 5/-1 5) s laminate subjected to a total 
axial strains of 0.01 with a AT = -156°C (-280°F) and a AT = 0. In 
both figures 8 and 9, the transverse normal stress is also 
compressive in the interior of the laminate width and becomes 
tensile at the free edge. 

In-plane Shear Stresses 

Figure 10 shows the distribution across the laminate width of 
the in-plane shear stress, x 12 , for 0 = 15, 30, and 45 degrees. The 
values in the interior, corresponding to (b-y)/h = 5, agree with the 
values calculated by laminated plate theory (fig.3). In the interior of 
the laminate width, the 30 degree case has the largest shear 
stresses, and the 15 degree case has the lowest shear stresses. 
However, near the free edge, (b-y)/h = 0, the magnitudes of these 
shear stresses change. Near the free edge, the 15 degree case has 
larger shear stresses than the 30 and 45 degree cases. 

The change in the magnitude of the in-plane shear stresses is 
not limited to the particular applied loading shown in figure 10. For 
example, figure 11 shows the distribution across the laminate width 
of the in-plane shear stress, t 12 , for a (0/1 5/-1 5) s laminate 
subjected to total axial strains of 0.005 and 0.01 and a AT of -156°C 
(-280°F). Figure 12 shows the distribution across the laminate 
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width of the in-plane shear stress, X 12 , for a (0/1 5/-1 5) s laminate 
subjected to a total axial strains of 0.01 with a AT = -156°C 
(-280°F) and a AT = 0. In both figures 11 and 12, the magnitude of 
the in-plane shear stress at the free edge is greater than the 
magnitude in the interior of the laminate width. 

/nfer/am/nar Stresses 

Figure 13 shows the interlaminar normal stress, a zz , and the 
interlaminar shear stress, x xz and x yz , distributions across the 
laminate width in the 15/-15 interface of a (0/1 5/-1 5) s graphite 
epoxy laminate. This analysis indicates that the magnitude of the 
interlaminar shear stress, x xz , is very high near the free edge, and 
that the interlaminar normal stress, a zz , is compressive. Other 
authors have obtained similar results, and have concluded that edge 
delaminations will form in the 15/-15 interfaces of these laminates 
due to the high interlaminar shear stress, x xz [8-10]. However, the 
results in figure 13 do not take into account the matrix cracking 
that may be present in the -15 degree plies. 

The presence of matrix cracks will alter the interlaminar 
stress state at the free edge, resulting in a change in sign, from 
compression to tension, of the interlaminar normal stress, o zz [11]. 
For example, fig. 14 shows the interlaminar normal stresses, 
calculated from a 3D finite element analysis, in the 15/-15 
interfaces of a (0/1 5/-1 5) s graphite epoxy laminate at the 
intersection of the straight free edge and a matrix crack in the -15 
degree ply. The a zz stresses near the free edge in the 15/-15 
interface that were compressive before the introduction of the 
matrix crack (fig. 13), become very large tensile stresses once the 
matrix crack is present. A similar reversal in o zz stresses was found 
in ref. [12] when 15 degree matrix cracks were modeled in (15/90/- 
15) s glass epoxy laminates. 

DISCUSSION 

The finite element results indicate that matrix cracks may 
initiate in the central -0 plies at the edge of the (O/0/-0) s laminates 
where the in-plane transverse tensile stresses exist and have their 
greatest magnitude. This is especially true for brittle epoxy matrix 
composites, such as AS4/3501-6, where the transverse tensile 
strength is typically on the order of one-half the shear strength. For 
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example, fig. 15 compares the relative magnitudes of the 
interlaminar shear strength, xi 3 c, measured using a short beam shear 
test [13], to the transverse tensile strength, 022c> measured using a 
90 degree tension test [14], and the interlaminar tensile strength, 
G33c. measured using a 0 degree curved beam bending test [14]. The 
matrix dominated tensile strengths are approximately one half of 
the interlaminar shear strength for AS4/3501-6. 

The analytical results indicate that the use of in-plane 
stresses calculated from laminated plate theory to predict the onset 
of matrix cracking, often referred to as "first ply failure" in 
phenomenological failure criteria, may be unconservative because 
these laminate theory stresses represent minimum values in the 
interior of the laminate. The first "failure" of a ply, however, occurs 
near the free edge (fig.1) where in-plane transverse tensile stresses 
exist and have their greatest magnitude (fig. 7). 

The presence of matrix cracks will alter the interlaminar 
stress state at the free edge, resulting in a change in sign, from 
compression to tension, of the interlaminar normal stress, ct 2z [ 11]. 
Furthermore, these laminates do not delaminate uniformly along the 
length of the laminate near the free edges as typically observed for 
edge delamination [15-17]. Instead, the delaminations are localized 
and bounded by angle ply matrix cracks and the free edge, as shown 
in figures 1&2, and in fig. 3 of ref. 9. Hence, the local tensile 
interlaminar normal stresses near the free edge resulting from the 
formation of matrix cracks, in addition to the high interlaminar 
shear stresses that are present near the free edge, will contribute 
significantly to the formation of local delaminations in these 
laminates. 
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CONCLUSIONS 


Quasi-static tension tests were conducted on AS4/3501-6 
graphite epoxy (O2/e2/-02)s laminates, where 9 was 15, 20, 25, and 
30 degrees. Dye penetrant enhanced X-ray radiography was used to 
document the onset of matrix cracking in the central -0 degree plies 
and local delamination onset in the 0/-0 interface at the 
intersection of the matrix cracks and the free edge. 

A quasi-3D finite element analysis was conducted to calculate 
the stresses responsible for matrix cracking in the off-axis plies. In 
contrast to the results of laminated plate theory, which indicated 
that the transverse normal stresses were compressive, the finite 
element analysis yielded tensile transverse normal stresses near 
the free edge. Hence, the analytical results indicated that the use of 
in-plane stresses calculated from laminated plate theory to predict 
the onset of matrix cracking, often referred to as "first ply failure" 
in phenomenological failure criteria, may be unconservative because 
these laminate theory stresses represent minimum values in the 
interior of the laminate. The first "failure" of a ply, however, occurs 
near the free edge where in-plane transverse tensile stresses exist 
and have their greatest magnitude. 

The presence of matrix cracks will alter the interlaminar 
stress state at the free edge, resulting in a change in sign, from 
compression to tension, of the interlaminar normal stress, a zz [11]. 
Furthermore, these laminates do not delaminate uniformly along the 
length of the laminate near the free edges as typically observed for 
edge delamination. Instead, the delaminations are localized and 
bounded by angle ply matrix cracks and the free edge. Hence, the 
local tensile interlaminar normal stresses near the free edge 
resulting from the formation of matrix cracks will contribute 
significantly to the formation of local delaminations in these 
laminates. 
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TABLE 1 


(O2/02/"02)s AS4/3501-6 GRAPHITE EPOXY 
LAMINA PROPERTIES 


En =135 GPa (19.5 x 106 Psi) 

E 22 =11 GPa (1.6 x 106 Psi) 

G 12 =5.8 GPa (0.847 x 106 Psi) 
vi 2 = 0.301 

ai = -0.41 x10-6/°C (-0.23 x10* 6 /°F) 
a 2 = 26.8 xlO-6 /°C (14.9 x10*6 /°F) 
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Fig. 1b. RADIOGRAPH OF (0 2 /20 2 /-20 2 ) s LAMINATE 
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Fig. 1c. RADIOGRAPH OF (02/252/-252) s LAMIN 
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Fig. Id. RADIOGRAPH OF (02/302/ _ 302)g LAMINATE 

AFTER ONSET OF DAMAGE 
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Fig. 2 a. EDGE MICROGRAPHS OF (O 2 /02/-02) 

AS4/3501 -6 LAMINATES 
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Figure 7. In-plane normal stress near the free edge of the -0 degree ply in 
[O/0/-0] s graphite epoxy laminate. 
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Figure 8. In-plane normal stress near the free edge of the -15° dIv in 
[0/15/-15] s graphite epoxy laminate. Py 
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Figure 9. In-plane normal stress near the free edge of the -15° ply in 
[0/15/-15] s graphite epoxy laminate. 
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Figure 10. In-plane shear stress near the free edge of the -0° ply 
[O/0/-0] s graphite epoxy laminate. 





Figure 11. In-plane shear stress near the free edge of the -15° ply in a 
[0/15/-15] s graphite epoxy laminate. 
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Figure 12. In-plane shear stress 
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Figure 13. Interlaminar stresses near the free edge in the 15/-15 interface of a 
[0/15/-15] s graphite epoxy laminate. 
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FIG. 15 Matrix Dominated Strength Properties 
AS4/3501-6 Graphite Epoxy 
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